This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. In primary hepatocyte cultures, EGF or TGFα binding to EGF receptor activates Erk1/2 and PI3K pathways, induces cyclin D1 and thus initiates DNA synthesis. We have explored mechanisms by which prolonged EGF receptor activation induces hepatocyte proliferation. Methods: EGF receptor activation, as well as Erk1/2 and PI3K signaling were explored in EGF-stimulated primary hepatocyte cultures by Western blotting and immunocytochemistry. TGFα release to the medium was quantified by ELISA. Effects of a neutralizing antibody to TGFα on EGF receptor signaling and proliferation were explored. Results: Inhibitors of PI3K or Erk1/2 inhibited cyclin D1 expression and G 1 progression when added 12 hours after EGF stimulation, whereas depletion of EGF from the medium at this time point did not. ELISA demonstrated that EGF induced TGFα release to the medium. Cyclin D1 induction and cellular proliferation were efficiently inhibited when a neutralizing antibody to TGFα was added to the medium. This also occurred when the antibody was added 12 hours after EGF stimulation. Conclusion: Sustained EGF receptor activity and signaling through both Erk1/2 and PI3K pathways were necessary for proliferation. This was achieved by EGF activation of autocrine TGFα.
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E and Dulbecco's modified Eagle's medium, with a final glucose concentration of 8.4 mM. Medium was supplemented with penicillin (67 μg/ml), streptomycin (100 μg/ml), collagen (3 μg/ml), dexamethasone (25 nM) and insulin (100 nM). The cells were plated with 5% fetal calf serum (Sigma-Aldrich, St. Louis, MO, USA) during the first three hours, and thereafter maintained in medium without serum in a 5% CO 2 atmosphere at 37 °C. EGF (10 nM) were added 20 hours after cell plating. Anti-TGFα was added to the media to a final concentration of 0.15µg/ml unless otherwise stated. EGF receptor inhibitor (PD153035) was used at a concentration of 1µM, Mek inhibitor (PD184352) at 5 µM, and PI3K inhibitor (LY294002) at 10 µM. In experiments where these inhibitors were used, control and EGF-exposed hepatocytes were treated with DMSO at the same concentration (0.1%).
The neutralizing antibody to anti-TGFα was controlled for cross-reactivity. EGF (300nM) was incubated with anti-TGFα (15 ug/ml) or control antibody (15 ug/ml), in 100 ul medium for 1 hour before addition to hepatocyte cultures (final concentration of EGF 10nM, final concentration of antibodies 0.5 ug/ ml). Cells were harvested after 10 minutes, and subjected to Western blotting for pTyr1173 EGF receptor and pThr202/pTyr204 Erk1/2.
Western immunoblot analysis
Cultured hepatocytes were harvested and processed for Western immunoblot as previously described [20, 21] . Briefly, cells were lysed and sonicated in a Tris-lysis buffer, (pH 7.4, with 60 mm Tris-HCl, 10% glycerol, 3% sodium dodecyl sulfate, 1 m EDTA, 0.2 mm AEBSF, 20 μm leupeptin, 200 units/mL aprotinin, 65 μm sodium orthovanadate and 10 mm β-glycerophosphate). Protein concentrations of all samples were measured by DC protein assay (Bio-Rad, Hercules, CA, USA), and protein concentrations adjusted to equal concentrations in the lysis buffer containing 5% β-mercaptoethanol and 0.0025% bromophenol blue. Protein samples were boiled for 4 min and were stored at -20 °C. Proteins were separated by SDS-PAGE and were electrotransferred to nitrocellulose membranes (GE Healthcare, Little Chalfont, United Kingdom) for subsequent protein detection. Filters were blocked in Tris-buffered saline containing 5% fat-free dry milk, and were incubated overnight at 4 °C with primary antibodies diluted in Tris-buffered saline containing 1% fat-free dry milk. After washing, filters were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, donkey anti-mouse IgG, or donkey anti-sheep IgG from Sigma Aldrich at room-temperature for 90 min. The detection of immunoreactivity was achieved by incubation in SuperSignal WestDura Extended Duration Substrate (Thermo Scientific, Walthan, MA), followed by signal detection and densitometry with a Kodak Image station 4000R equipped with Kodak Molecular Imaging 4.0 software.(Eastman Kodak Company, Rochester, NY, USA). Mean and SEM values for 3 experiments were calculated after normalization. For EGF receptor, Erk1, Erk2, Akt, pSer473Akt, and cyclin E densitometric measurements from the initial control sample (without EGF) were set to 100%. For pY1173 EGF receptor, pThr202/pTyr204 Erk1 and Erk2 measurements from 10 minutes EGF stimulation were set to 100%. For cyclin D, measurements from the 30 hours time point after EGF stimulation was set to 100%.
Immunoblotting for β-tubulin was used as loading controls. In these and previous investigations we experienced increasing expression of β-tubulin during the culturing period, in particular after EGF stimulation. This has also been observed for other housekeeping gene products. Identification of appropriate and robust loading controls for mRNA and protein investigations may be problematic [22] . Increasing levels of cell signaling proteins during the culturing period has also been described in primary hepatocyte cultures [23] . For these reasons, densitometry data are given both as normalized protein levels, and as phosphoprotein to protein or protein to β-tubulin ratios.
Immunocytochemistry and confocal laser scan microscopy
Immunofluorescence staining was performed as previously described [18, 20, 21] . Briefly, hepatocyte cultures were fixed in 70% ethanol or 4% PBS-buffered paraformaldehyde for 10 minutes. The latter was followed by a 10 minutes wash in PBS containing 0.02% TRITON X100. Thereafter, cells were washed for 10 minutes in PBS, rinsed in deionized H 2 O, and dried. Cells were incubated overnight with combinations of primary antibodies, as indicated in Results. All antibodies were diluted in in PBS containing 1% bovine serum albumin and 0.01% thimerosal. After washing procedures (2X10 minutes in PBS followed by a dip in deionized H 2 O and drying), immunobinding was detected with appropriate combinations of species specific, fluorochrome-conjugated donkey antisera to IgG (Multiple Labeling series; Jackson ImmunoResearch, West Grove, PA, USA). After a new washing procedure, the cells were mounted in "Dako fluorescent mounting 
Statistical analysis
Quantitative data are presented as mean and standard errors of the mean (SEM). Mean thymidine incorporations were calculated by normalizing results from single experiments, setting thymidine incorporation of EGF-stimulated hepatocytes to 100%. Statistically significant differences were analyzed with Student's t-test. All calculations were made with GraphPad Prism version 5.0. A p-value of <0.05 was considered significant compared to its control, marked with *.
Results

EGF induced prolonged Erk1/2 activation
EGF receptor activation has been shown to stimulate Erk1/2 and PI3K/Akt signaling pathways. Ligand binding induces receptor activation, internalization and ultimately degradation, thus attenuating the receptor signaling [24] . Prolonged Erk1/2 activation has been observed to be necessary for growth factor induced proliferation [9] . In primary hepatocytes it has been demonstrated that sustained Erk1/2 activity during the whole G 1 phase is necessary for S phase entry [8, 10] . Several studies have also demonstrated the necessity for PI3K activation for induction of cyclin D1, and thus hepatocyte proliferation [7] . To further investigate the activation of these two signaling pathways, EGF receptor, Erk1/2 and Akt phosphorylation following EGF stimulation was studied. As shown in Fig.1A and B, when the medium was supplemented with EGF, the EGF receptor immediately became phosphorylated. During the following 6-12 hours total EGF receptor expression diminished, and remained low for the remaining period. From 18 hours after EGF stimulation, protein levels of Erk 1 and 2 were induced. Erk1 and 2 became phosphorylated simultaneously with EGF receptor. During the following 6-12 hours Erk1 showed declining phosphorylation levels paralleling EGF receptor phosphorylation, whereas Erk2 showed persistent phosphorylation, also at time points when EGF receptor was maximally down-regulated (12-24 hours). Increased levels of Erk1/2 phosphorylation were noted at 30 hours. Akt showed phosphorylation prior to EGF stimulation, and this was increased at 10 and 30 minutes following EGF stimulation. Thereafter, Akt showed declining phosphorylation levels, reaching lower than initial levels 6-18 hours after EGF stimulation.
Having demonstrated that EGF receptor activity and signaling were present even after EGF receptor down-regulation; we wanted to identify which cell cycle regulators were affected by the late phase of Erk1/2 and PI3K activity; i.e. after growth factor receptor down regulation. Growth factor activation of Cdk2 and Cdk4 drives the cell cycle progression until a checkpoint in late G 1 . In primary hepatocytes, cyclin E appears to be induced by cell isolation or plating and is thereafter unaffected by growth factor addition [4] . Induction of cyclin D1 through Erk1/2 and PI3K signaling appears to be the main, growth factor regulated event leading to pRb hyperphosphorylation [3, 4] . To correlate G 1 cyclin induction with EGF receptor activation and signaling, we studied the time course of cyclin E and D1 expression following EGF stimulation. As also observed previously, cyclin D1 was induced from 18 hours after EGF stimulation, and remained high through the period where EGF receptor activation was very low (Fig. 1C and D) [4] . Cyclin E was present and unaffected by EGF stimulation through the studied period.
Sustained PI3K/Erk1/2 activity was necessary for proliferation
To explore the necessity for sustained EGF receptor activity and signaling, we investigated hepatocyte EGF-induced cell cycle progression when the EGF receptor kinase, Mek, or PI3K were inhibited by the addition of DMSO (vehicle), PD153035, PD184352, or LY294002, respectively, 12 hours after growth factor stimulation. Tritiated thymidine was added 24 hours after EGF, and the cells were harvested 6 hours thereafter. Results showed that inhibition of EGF receptor kinase, Mek or PI3K activities reduced hepatocyte proliferation, demonstrating that EGF receptor activity and signaling were necessary even after EGF receptor down-regulation ( Fig. 2A) .
Western blotting was performed on cells harvested 24 hours after EGF stimulation of hepatocytes. DMSO (vehicle), MEK inhibitor (PD184352), or PI3 kinase inhibitor (LY294002) were added to the medium 12 hours after EGF stimulation. Results showed that increased phosphorylation of EGF receptor and Erk1/2 was still detectable at this time point, whereas Akt phosphorylation was lower in EGF-stimulated cells than in unstimulated controls. Cyclin D1 expression was inhibited by both Mek and PI3 kinase inhibitors (Fig. 2B) .
To explore whether the prolonged EGF receptor activity and signaling were EGF dependent, proliferation was investigated in EGF stimulated cells. Twelve hours after EGF stimulation, a medium change was performed. Medium was substituted with medium without growth factors, with medium without growth factors but containing EGF receptor kinase inhibitor (PD153035), MEK inhibitor (PD184352), or PI3K inhibitor (LY294002), or with medium containing freshly added EGF (10nM). Results showed that substitution with a growth factor-free medium had little effect on hepatocyte proliferation, whereas substitution Immunoblotting for β-tubulin was used as a loading control. MEK inhibitor or PI3K inhibitor were added 12h after EGF stimulation in indicated samples (lane 3 and 4). (C) Effects of late medium change on EGFstimulated hepatocyte proliferation. Primary cultures of hepatocytes were left untreated or stimulated with EGF. In some samples, the medium was substituted 12 hours after growth factor stimulation with medium without EGF, with medium without EGF but with either EGF receptor inhibitor, MEK inhibitor, or PI3K inhibitor added, with medium with freshly added EGF, or the same medium containing either EGF receptor inhibitor, MEK inhibitor, or PI3K inhibitor. Proliferation was determined by tritiated thymidine incorporation. The results represent an average of three separate experiments (SEM; n=3). *) significant versus EGF of each group, p<0.05.
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Cellular Physiology and Biochemistry with the same medium containing inhibitors of EGF receptor, MEK, or PI3K substantially reduced proliferation (Fig. 2C) . Thus, it appeared as proliferation was dependent on EGF receptor activity and signaling, and that this activity was not caused by EGF in the medium.
EGF stimulation activated autocrine TGFα signaling
Since it appeared as sustained EGF receptor signaling occurred independently of EGF binding, we speculated whether an autocrine EGF receptor ligand was activated. It has been demonstrated that HGF, TNFα and prostaglandin E(2) promotes proliferation by autocrine TGFα activation [13] [14] [15] . Thus, we hypothesized that similar mechanisms were involved in EGF induced proliferation.
First, we explored whether TGFα was released into the medium from EGF-stimulated hepatocytes. Hepatocytes were incubated with EGF or vehicle alone for 24 hours, and TGFα concentrations in the medium assayed with an ELISA kit. Results showed that TGFα levels in the media, albeit low, were about 10-fold higher in EGF-stimulated samples than in controls (Fig. 3A) .
We then explored whether the presence of TGFα was necessary for hepatocyte proliferation. Hepatocytes were incubated with or without EGF for 30 hours. One hour prior 
(B)
Dose response effects of neutralizing anti-TGFα effects on EGF-induced proliferation. Primary cultures of hepatocytes were exposed to control antibody (0.5ug/ml) or TGFα antibody (0.05ug/ml, 0.15ug/ml, 0.5ug/ml) 1h prior to EGF stimulation. The cells were harvested 30h after EGF stimulation, and tritiated thymidine incorporation measured. The results represent an average of three separate experiments (SEM; n=3). *) significant versus EGF+Control antibody, p<0.05. (C) EGF cross reactivity control for anti-TGFα antibody. EGF was incubated with anti-TGFα or control antibody for 1 hour before addition to hepatocytes. Cells were harvested after 10 minutes, and subjected to Western blotting for pTyr1173 EGF receptor and pThr202/pTyr204 Erk1/2. Blotting for β-tubulin was used as a loading control.
to growth factor addition, increasing concentrations of a neutralizing mouse antibody to TGFα, or a sub-and isoform-matched control mouse antibody, were added [17] . Twenty-four hours after EGF stimulation, tritiated thymidine was added. Measurements of thymidine incorporation showed that proliferation was efficiently and dose-dependently inhibited to levels lower than in unstimulated hepatocytes at an antibody concentration of 0.5 and 0.15µg/ml. The latter concentration was used for further experiments (Fig. 3B) .
To ensure that the effect of the neutralizing antibody was not an effect of crossreactivity with EGF, this antibody and the sub-and isoform-matched control antibody were incubated for 1 hour with the medium containing EGF, and applied to hepatocyte cultures. Cells were harvested for Western blotting 10 minutes thereafter. Western blotting for EGF receptor phosphorylation and Erk1/2 phosphorylation showed that preincubation of EGF with the neutralizing antibody did not reduce the initial, EGF-induced phosphorylations of EGF receptor or Erk1/2 (Fig. 3C) .
Activation of cyclin D1 was dependent on autocrine TGFα even in the presence of EGF
We explored the effect of the neutralizing antibody to TGFα on sustained Erk1/2 and PI3K/Akt activation (Fig. 4A) . Anti-TGFα or control antibody was added to the culture medium 1 hour prior to EGF stimulation. Cells were harvested 6, 12, 18, 24 and 30 hours after growth factor addition, and investigated by Western blotting. Results showed increasing levels of Erk, Akt and β-tubulin following EGF stimulation, and this was counteracted by the neutralizing anti-TGFα. During the period from 6 to 30 hours after EGF stimulation, Erk1/2 phosphoprylation remained higher than in unstimulated hepatocytes. In EGF-stimulated hepatocytes treated with the antibody to TGFα, Erk1/2 phosphorylation remained low during this period. Unstimulated hepatocytes displayed comparatively high Akt phosphorylation, and these levels were conspicuously reduced 6 hours after EGF stimulation. In cells treated with EGF and anti-TGFα antibody, Akt phosphorylation remained high at 6 and 12 hours after EGF, whereafter Akt phosphorylation became similar to EGF-stimulated controls. Also the expression of G-phase cyclins was explored by Western blotting. The antibody to TGFα did not appear to alter cyclin E expression, but completely inhibited the EGF-induced cyclin D1 induction observed from 18 hours after EGF stimulation.
Effects of the neutralizing antibody to TGFα were also explored by immunocytochemistry (Fig. 4B ). Cells were exposed to a control antibody, or to the antibody to TGFα, and stimulated with EGF one hour later. Twenty-four and 30 hours after EGF stimulation, cell cultures were fixed with 96% ethanol, and stained for cyclin E, cyclin D1, Cdk2, and Cdk4. We found that the neutralizing antibody to TGFα inhibited EGF-induced nuclear accumulation of all these cell cycle regulators (cyclin E and Cdk2 not shown).
Autocrine TGFα prolongation of EGF receptor signaling was necessary for induction of hepatocyte proliferation
To further explore whether autocrine TGFα stimulation contributed to the sustained Erk1/2 and Akt activity and thus to cell cycle progression, primary cultures of hepatocytes were exposed to the neutralizing TGFα antibody or control antibody at different time points after EGF stimulation (Fig. 5A) . Tritiated thymidine was added 24 hours after EGF, and the cells were harvested for detection of thymidine incorporation at 30 hours after EGF. We found that the antibody to TGFα totally inhibited EGF-stimulated hepatocytes proliferation when added 1 hour before or 12 hours after the growth factor. A partial effect was found when the antibody was added 24 hours after EGF. Thus, it appeared as autocrine TGFα stimulation during the sustained phase of EGF receptor signaling was necessary for S phase entry. Proliferation of hepatocytes that had not been stimulated with EGF was also inhibited by the antibody, indicating that endogenous, autocrine TGFα stimulation caused a "background" proliferation.
Effects of autocrine TGFα depletion 12 hours after EGF stimulation on cyclin D1 and E regulation was investigated by Western blotting. Results showed that cyclin D1 expression in this period was dependent on sustained TGFα stimulation, whereas cyclin E appeared unaffected (Fig. 5B) . 
Discussion
Growth factor activation of their innate receptors until a restriction point in late G 1 has been reached is viewed to be necessary for cell cycle progression, whereas ligand-induced growth factor receptor down regulation is perceived to attenuate the growth signal and return the cells to a resting state [25, 26] . In this study we found, as also shown by others, that EGF-induced G 1 phase propagation of hepatocytes depended upon continuous EGF receptor activation and signaling through both Erk1/2 and PI3K/Akt pathways [8, 10] . This signaling activity was necessary even after EGF receptor down regulation and cyclin D induction. Surprisingly, we found that the sustained EGF receptor signaling was not dependent upon continuous EGF stimulation. Instead, EGF induced TGFα release to the medium, albeit at low levels. When TGFα was inhibited by the addition of a neutralizing TGFα antibody to the medium, prolonged EGF receptor signaling was inhibited, induction of cyclin D1 was counteracted, and S phase entry was effectively blocked. Thus, the proliferative effects of EGF appeared to depend on activation of an autocrine TGFα loop.
In this study we have in particular focused on the significance of sustained EGF receptor signaling for hepatocyte proliferation during the phase when the receptor has been downregulated,. In accordance with previous findings, we found that both Erk1/2 and PI3K activities were necessary during this period, as demonstrated by the use of EGF receptor, Mek and PI3K inhibitors. Interestingly, whereas both Erk1 and in particular Erk2 showed conspicuously increased phosphorylation at these time points, Akt phosphorylation during this period was lower than prior to EGF stimulation. The significance of PI3K/Akt activity for cell cycle progression and cyclin D expression is well documented. The D-type cyclins have emerged as main regulators of growth factor-promoted G 1 progression in mammalian cells [5, 6] . In hepatocytes, cyclin D1 induces G 1 progression in response to EGF and insulin through PI3K signaling [27, 28] . Both Erk1/2 and PI3K/Akt signaling pathways regulate cyclin D1 gene expression. The MAP kinase Erk1/2 induces cyclin D1 gene expression through activation of AP1 and Ets transcription factors [29] , whereas PI3K/Akt signaling regulates cyclin D translation through S6K activation and 4EBP1 inactivation, and cyclin D degradation through GSK-3 inhibition [30] [31] [32] [33] . In hepatocytes, inhibition of PI3K activity efficiently blocks both cyclin D1 mRNA and protein expression [7] . It is thus intriguing that we found reduced Akt phosphorylation during the period when cyclin D levels increased. When, during this phase, PI3K activity was inhibited by LY294002, cyclin D and proliferation was efficiently inhibited. Thus, reduced, but not abolished PI3K activity allowed cyclin D induction and hepatocyte proliferation. Whether the reduced PI3K activity was necessary for G 1 progression, or served other functions, remains undetermined. Possibly, our findings implicate that PI3K serves dual functions during cell cycle progression.
Our results determined that sustained EGF receptor signaling and hepatocyte proliferation was dependent on TGFα release to the medium, and that this was induced by EGF stimulation. Inhibition of EGF receptor signaling 12 hours after growth factor addition inhibited proliferation, whereas removal of EGF from the medium at this time point did not. Addition of the anti-TGFα antibody reduced Erk1/2 phosphorylation during this period, which was consistent with our understanding of Erk1/2 functions for hepatocyte proliferation. Akt phosphorylation in EGF-stimulated hepatocytes appeared higher in anti-TGFα exposed cells during at least part of the same period. Although this increase in Akt phosphorylation does not intuitively appear consistent with growth inhibition, it should be kept in mind that Akt phosphorylation at these time points was reduced in EGF-stimulated cells compared to unstimulated controls. The neutralizing antibody inhibited cyclin D induction and nuclear translocation of Cdk4 and Cdk2. This may be a consequence of Erk1/2 inhibition, leading to reduced cyclin D induction and Cdk4 activation, and possibly also of other effects on the intracellular trafficking of G1 cyclins [4, 21] . Addition of the neutralizing antibody to TGFα altered sustained EGF receptor signaling even with EGF present in the medium. This finding suggests that EGF and autocrine TGFα induce dissimilar EGF receptor signals, possibly related to differences in EGF receptor internalization or recirculation.
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It has previously been demonstrated that different growth factors and cytokines activate EGF receptors by transactivating mechanisms. In a hepatocyte cell line, it was shown that TNFα stimulated proliferation through the release of TGFα to the medium, and that this was achieved through the activation of the metalloproteinase TNFα-converting enzyme [14] . Prostaglandin E2 transactivated the EGF receptor and signaling in MH1C1 hepatoma cells but not in primary hepatocytes [15, 34] . HGF has also been shown to promote liver and hepatocyte proliferation through TGFα induction and EGF receptor transactivation [16] . Transactivation of autocrine TGFα emerges as a principal growth regulatory principle in hepatocytes, and may integrate and modify several growth stimulatory factors. Our demonstration that the effects of EGF receptor activation by EGF depend upon activation of autocrine TGFα introduces a new level of signaling complexity. Since TNFα also has been shown to transactivate EGF receptor through amphiregulin shedding in hepatocellular carcinomas, it is also possible that other EGF receptor ligands (HB-EGF, amphiregulin, betacellulin, epigen, epiregulin) are activated by EGF stimulation [35] .
To conclude; our finding that prolonged EGF receptor activation and proliferative signaling depended on stimulation of autocrine TGFα effects identified TGFα transactivation as a major integrating mechanism to achieve cyclin D1 induction and hepatocyte proliferation. Thus, EGF receptor dependency of TGFα may represent a novel mechanism for diversifying growth factor signaling and functional outcome. Further studies will resolve whether such mechanisms are involved in liver regeneration and carcinogenesis.
